. Though half of its protein-coding sequences are now pseudogenized or lost, Francisella F-Om has kept several B vitamin synthesis pathways intact, confirming the importance of these genes in evolution of its nutritional mutualism with ticks.
In Brief
Ticks rely on vertebrate blood as their only food, and this diet is limited in B vitamins. Duron et al. show that use of this unbalanced diet is possible because an intracellular bacterial symbiont supplies missing nutrients; this nutritional symbiont is essential for ticks' growth and survival to adulthood.
SUMMARY
Mutualistic interactions with microbes have facilitated the radiation of major eukaryotic lineages [1, 2] . Microbes can notably provide biochemical abilities, allowing eukaryotes to adapt to novel habitats or to specialize on particular feeding niches [2] [3] [4] . To investigate the importance of mutualisms for the exclusive blood feeding habits of ticks, we focused on a bacterial genus of medical interest, Francisella, which is known to include both virulent intracellular pathogens of vertebrates [5, 6] and maternally inherited symbionts of ticks [7] [8] [9] . Through a series of physiological experiments, we identified a Francisella type, F-Om, as an obligate nutritional mutualist in the life cycle of the African soft tick Ornithodoros moubata. Francisella F-Om mutualism synthesizes B vitamins that are deficient in the blood meal of ticks. Indeed, experimental elimination of Francisella F-Om resulted in alteration of tick life history traits and physical abnormalities, deficiencies which were fully restored with an oral supplement of B vitamins. We also show that Francisella F-Om is maternally transmitted to all maturing tick oocytes, suggesting that this heritable symbiont is an essential adaptive element in the life cycle of O. moubata. The Francisella F-Om genome further revealed a recent origin from a Francisella pathogenic life style, as observed in other Francisella symbionts [6, 7, 10] . Though half of its protein-coding sequences are now pseudogenized or lost, Francisella F-Om has kept several B vitamin synthesis pathways intact, confirming the importance of these genes in evolution of its nutritional mutualism with ticks.
RESULTS

Detection of the Francisella F-Om
Examination of O. moubata lab specimens ( Figure 1A ) through high-throughput 16S rDNA sequencing showed that reads from two bacterial genera, Francisella and Rickettsia, were abundant: Francisella was detected in all O. moubata specimens (n = 9), whereas Rickettsia was found in only part of them (n = 6; Figure 2 ). Francisella reads were more abundant (from 45% to 94% of all reads) than those of any other bacterium ( Figure 2 ). Other bacterial genera were found, but each represented less than 2% of the 16S rDNA reads when present. Specific PCR surveys confirmed this infection pattern using a larger number of O. moubata specimens (n = 130). One Francisella strain, F-Om (Table S1) , was detected in all examined larvae (n = 100), most nymphs (n = 19/20), and all adult ticks (n = 10). Meanwhile, one Rickettsia strain, R-Om (Table S2) , was detected in only 78% of these specimens (larvae: 79/100; nymphs: 13/20; adults: 9/10). Although the presence of R-Om in part of the specimens was suggestive of a facultative symbiont (i.e., not required for tick survival), the presence of F-Om in almost all specimens suggested that it may be required for tick survival (i.e., an obligate symbiont).
Tissue Tropism and Maternal Transmission of the Francisella F-Om
Real-time qPCR revealed a clear tissue tropism of F-Om in ticks. The symbiont density was 423-6,0003 higher in the Malpighian tubules than in any of the other organs both for male (n = 3) and female ticks (n = 5; linear mixed-effect [LME] analysis; graphical assessment based on non-overlapping confidence intervals; see STAR Methods; all p < 0.05; Figure 1E ). The density of F-Om in female ovaries was 1443 higher than in male testes (LME; p < 0.05) and higher than in any other female organ except the Malpighian tubules (LME; all p < 0.05). No significant difference in density was observed among the other organs (LME; all p > 0.05; Figure 1E ). Fluorescent in situ hybridization (FISH) confirmed these patterns, with a high concentration of F-Om in (E) F-Om density (log 10 scale) according to tick sex and organ. Infection densities in ticks (five females and three males) were quantified by using the ratio of Francisella rpoB gene copies per tick OmAct2 gene copy. The width of confidence intervals (CIs) was set so that disjoint intervals correspond to significant differences at a = 0.05. Tables S1 and S2. several parts of the Malpighian tubules (Figure 1B) and lower densities in other organs, excepted in gravid females. Contrasting patterns were observed in the ovaries of nongravid and gravid females: although both ovary types contained primary oocytes with low F-Om intensities, ovaries of gravid females also contained mature oocytes with very high F-Om intensities ( Figures 1C  and 1D ). This suggested a controlled transovarial transmission of F-Om through the egg cytoplasm. To formally assess the efficiency of maternal transmission, we collected the eggs of 10 gravid females. Ten freshly hatched larvae per clutch (100 larvae in total) were randomly sampled and screened for F-Om infection. Of the 10 gravid females and their larvae (n = 100), all were found infected by F-Om.
Francisella F-Om as an Essential B Vitamin Supplier for Ticks
Blood is a food source rich in proteins and lipids but scarce in B vitamins, and as such, diverse symbionts of obligate blood feeding arthropods have been shown to compensate for this nutritional deficiency [11, 12] . In O. moubata, we thus assessed the hypothesis that F-Om is a B vitamin providing symbiont. To this end, first nymphal instars of O. moubata were randomly allocated to one of four treatment categories in a two-way factorial design combining antibiotics (yes or no) and B vitamins (yes or no) administered with the blood meal. Measures of F-Om density in third nymphal instars by qPCR revealed that antibiotics drastically suppressed F-Om populations in treated ticks (n = 40; 173 reduction; generalized least-squares [GLS] analysis; p < 0.05), irrespective of B vitamin treatment (GLS; p < 0.05; Figure S1A ). When ticks were not treated with antibiotics (n = 40), B vitamins did not affect F-Om density (GLS; p > 0.05; Figure S1A ).
To assess the impact of F-Om on ticks' life history traits, we further surveyed first nymphal instars of O. moubata (n = 480) randomly and equally allocated to the four treatment groups (n = 120 nymphs per treatment group), with four replicates per treatment group (n = 30 nymphs per replicate). Each batch was monitored until the end of the experiment (47 weeks, including six successive blood meals, one every seven weeks). We found that antibiotic treatment without B vitamin supplements totally hampered the emergence of adult females (n = 0 from 120 monitored larvae) and dramatically decreased the emergence of males (n = 17/120) compared to the three other treatment groups (n females = 44-48/120 and n males = 52-65/120, depending on treatment; likelihood ratio test [LRT]: c 2 = 53.7, df = 3, p = 1.3e-11; adjusted p value for multiple comparisons: p = 2.8e-10; Figures 3A and S1B). This antibiotic effect was not observed if B vitamins were added to the blood meal (GLS; Monte Carlo simulation test; b = 10,000; p = 0.0545; adjusted p value for multiple comparisons: p = 0.22). Further examination of males treated with antibiotics and not supplemented with B vitamins showed that they were lighter (n = 17; 16.6 ± 1.2 mg) than non-treated males (n = 52; 20.8 ± 1.6 mg; GLS model; t test; p = 0.0054; Figure 3B ). No difference was observed among males from the three other treatments (n = 52-65; 18.9 ± 0.9 mg to 20. Figure 3B ). The low emergence rate of adults from the group treated only with antibiotics was explained by the fact that many nymphs in this group stopped feeding and molting as soon as their third blood meal in week 15 ( Figure S1C ). Their overall probability of molting decreased faster than the other groups (LRT: c 2 = 58.2; df = 7; p = 3e-10; adjusted p value for multiple comparisons: p = 3.3e-9). These nymphs exhibited physical abnormalities with dark and inflated bodies compared to nymphs of the three other treatments ( Figure 3C ). No physical abnormality was apparent in antibiotic-treated specimens supplemented with B vitamins. At the end of experiments, the observed mortality rate for ticks only treated with antibiotics was 15.8% (19 dead specimens/120 monitored larvae), whereas it was <5.1% in the three other groups (3-6 dead specimens/120, depending on treatment). This resulted from a peak in mortality in week 28 for ticks treated only with antibiotics ( Figure S1D ), but this difference was not significant after correction for multiple comparisons (LRT: c 2 = 9.8; df = 4; p = 0.04; adjusted p value for multiple comparisons: p = 0.22). See also Figure S1 . Figure S2C ). Most of the genes associated with Francisella virulence have been pseudogenized or are completely missing ( Figure S3) . A recent study that also sequenced the genome of the Francisella symbiont from O. moubata found similar results [10] .
Genome of
The F-Om genome has conserved genes involved in the production of seven B vitamins, including pathways for the synthesis of biotin (B7), riboflavin (B2), and folic acid (B9) and the cofactors coenzyme A (CoA) and flavin adenine dinucleotide (FAD), which are each retained intact ( Figures S4A and S4B ). Biosynthesis pathways of pantothenic acid (B5), nicotinic acid (B3), pyridoxine (B6), and thiamine (B1) are each missing one to five genes and may thus be non-functional. The integrity level of F-Om B vitamin pathways is similar to that found in another tick symbiont, Coxiella: indeed, F-Om and the Coxiella CRt strain (from the dog tick Rhipicephalus sanguineus) have both retained the ability to produce biotin, riboflavin, folic acid, and the cofactors CoA and FAD. Despite similarities in gene content between Francisella and Coxiella symbionts, the F-Om B vitamin genes are of Francisella origin because they are more closely related to Francisella orthologous genes than to Coxiella genes (examples are shown in Figures S4C-S4E ).
DISCUSSION
Although most known Francisella species are virulent pathogens of vertebrates [5, 6] , we show here that a Francisella strain, F-Om, is an obligate nutritional mutualist that enables its tick host to feed on vertebrate blood. F-Om elimination negatively impacted tick life history traits and prevented the development of viable adult females. An oral supplement of B vitamins restored these deficiencies showing the central role of these vitamins for the tick life cycle, as reported from other arthropods living exclusively by hematophagy [11, 12, 14-16]. The reduced genome of F-Om, also observed for other Francisella symbionts [6, 7, 10] , is illustrative of this lifestyle specialization from a pathogenic ancestor. As observed for some other mutualistic symbionts [17], F-Om's gene set is largely a subset of the gene repertoires of pathogenic relatives: most genes associated with virulence have been pseudogenized or are missing completely, but several complete B vitamin synthesis pathways have been conserved. Because some of these pathways, such as the biotin pathway, are pivotal for the replication of current Francisella pathogens in vertebrates' macrophages [18, 19] , they may thus have primarily evolved for Francisella pathogenesis before being secondarily retained for nutritional use in mutualistic Francisella.
The pronounced tissue tropism of F-Om toward tick Malpighian tubules and maturing oocytes is also indicative of a high degree of lifestyle specialization to mutualism. Arthropods feeding exclusively on blood typically possess a dedicated endosymbiotic system, consisting of specialized cells (bacteriocytes) for hosting specific micro-organisms and symbiotic organs (bacteriomes) containing bacteriocytes and surrounding cells [11, 20, 21] . Neither bacteriocytes nor bacteriomes are known in ticks, but the intra-host distribution of F-Om suggests that Malpighian tubules may represent tick bacteriomes. Malpighian tubules are extremely long in ticks and loop around the internal organs to extend in most parts of body cavity [22] . Because Malpighian tubules are involved in excretion and osmoregulation [22] , a likely hypothesis is that F-Om can use compounds from the hemolymph to synthesize B vitamins. By ensuring nutritional upgrading of the blood diet, F-Om is part of a coherent biological entity with O. moubata, and neither associate is able to survive without the other. F-Om is heritable, through transovarial transmission, and thus represents a tick adaptation to blood feeding.
Because all tick species are highly adapted to an obligate blood feeding lifestyle, the observed pattern in O. moubata 
. Phylogenetic Relationship of 44 Francisella Genomes
The phylogenetic tree was inferred using maximum likelihood from a concatenated alignment of 425 single-copy orthologous genes (133,988 amino acids). The numbers on each node represent the support of 1,000 bootstrap replicates. See also Table S3 and Figures S2, S3 , and S4. unveils the essential role that microbial associates may play for these arthropods. At least 20% of tick species are infected by a Francisella symbiont [9] , but another symbiont, Coxiella, is also thought to be a nutritional symbiont of ticks [23, 24] because its genome was found to contain B vitamin biosynthesis pathways [25, 26] . To our knowledge, however, our study is the first to present empirical evidence of an obligate B vitamin provisioning symbiont in ticks. It should be noted that Coxiella elimination through antibiotic injection was shown to negatively impact the fitness of at least two tick species, but the effect of B vitamin supplementation was not investigated [27, 28] . Although Coxiella and Francisella symbionts are only distantly related, they have most likely converged toward an analogous mutualism with ticks: both are maternally inherited and both can provision B vitamins, with a clear tissue tropism for the tick's Malpighian tubules (for Coxiella, see [29] [30] [31] ). Although Coxiella symbioses are most frequent and potentially ancestral in ticks, replacements by Francisella appear across the tick phylogeny [9] . This situation is not unique to ticks; obligate symbionts have been shown to be lost in a number of arthropod species and replaced by another following lateral transfer from a different host species [32] [33] [34] . Further investigations should provide new insight into the mechanisms leading to Coxiella replacements during tick evolution. The process may have been favored by the ability of Francisella to replace functions that are lost or inefficient in the ancestral Coxiella or through other mechanisms leading to higher competitiveness of Francisella over Coxiella within ticks, as recently suggested for obligate symbionts in aphids [35] .
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EXPERIMENTAL MODEL AND SUBJECTS DETAILS
The African soft tick Ornithodoros moubata All ticks used in the experiment came from an Ornithodoros moubata laboratory colony (Neuchâ tel strain) obtained from the University of Neuchâ tel (Switzerland) and maintained in CIRAD (Montpellier, France) since 2008.
Tick rearing and housing conditions
The life cycle of O. moubata includes one larval stage, three-to-five nymphal stages, and the adult stage with a longevity of several years [63] . With the exception of larvae which can moult to nymph 1 without feeding, all other stages need a blood meal to continue development. A blood meal was proposed to ticks every seven weeks and was conducted using heparinized cow blood and an artificial feeding system. After feeding, each batch of ticks was kept in separate plastic containers and stored under complete darkness, at 25 C and 80% relative humidity. Tick feeding and manipulation were done in a Biosafety Level 2 insectarium according to the regulations established by the Ethical and Animal Welfare Committee of the institution where the experiments were conducted (CIRAD, Montpellier, France), complying with the European legislation. During the experiment, blood was taken from the same cow sheltered in the CIRAD animal facility according to a protocol approved under number APAFIS#1445-2015081217184829v2 by the French Ministry of Research.
METHOD DETAILS
Sample preparation and DNA extraction DNA was extracted either from whole body or dissected organs using a genomic DNA extraction kit according to the manufacturer's instructions (QIAGEN). Tick organs (salivary glands, gut, Malpighian tubule system, and ovaries/testes) were dissected with sterile blades and forceps under microscopic observation before transfer to QIAGEN's lysis buffer.
16S rDNA amplicon sequencing and analysis A 251-bp portion of the V4 variable region of the bacterial 16S rDNA was amplified from whole body DNA samples using the universal forward and reverse primers listed in Table S4 . Each PCR product from individual samples was tagged with a unique 35-base barcode using the Nextera Index Kit (Illumina, San Diego, CA). PCR amplifications were performed in duplicates for each sample. PCR reactions were conducted using a Multiplex PCR Kit (QIAGEN). Amplified bacterial 16S rDNA products were purified and sequenced by an Illumina MiSeq platform (GenSeq, Montpellier University) and 250-bp end sequence reads were obtained. All . We obtained an average number of 287,779 bacterial 16S rDNA reads per tick specimen (from 201,753 to 365,986 reads). Sequences with 97% similarity were clustered together and identified as an operational taxonomic unit (OTU). Each representative OTU sequence was aligned and taxonomically assigned using the Silva database (https://www.arb-silva.de/). Sequences that did not align to reference genes with a 70% similarity threshold were assumed to be non-bacterial 16S rDNA and were removed from further analysis. To eliminate the possibility of contamination, we included four mock DNA extractions under identical conditions using water, buffers and kits utilized for the experimental samples followed by Illumina Miseq analysis of 16S rDNA reads. The negative controls provided only a handful of reads that did not correspond to the bacterial genera found in the tick samples.
Diagnostic PCR assays and Sanger sequencing Independent PCR assays for Francisella and Rickettsia identification were performed by amplifying rpoB and gltA gene fragments, respectively, using specific primers (Table S4) . DNA template quality of symbiont-negative specimens was systematically verified by PCR amplification of the tick 18S rRNA gene using eukaryotic universal primers (Table S4) ; if no reaction was obtained, the tick extract was not retained in the study. All PCR products were visualized through electrophoresis in a 1.5% agarose gel. Positive rpoB and gltA PCR products of randomly sampled individuals (n = 30) were purified and sequenced in both directions (Eurofins). Sequence chromatograms were manually cleaned with CHROMAS LITE (http://www.technelysium.com.au/chromas_lite.html), and alignments were performed using CLUSTALW [41] , implemented in the MEGA software [42] .
Real-time quantitative PCR
Real-time quantitative PCR was performed with a light cycler (Roche) using the SYBR Green Master Mix. Two PCRs were performed for each tick: one was specific for the F-Om rpoB gene, and the other was specific for the O. moubata OmAct2 gene ( Table S4 ).
Assuming that both genes are present in a single copy per haploid genome of the host and the symbiont, the ratio between rpoB and OmAct2 concentrations provides the number of F-Om genomes relative to the number of O. moubata genomes, thus correcting for tick size or tick organ size. Each DNA template was analyzed in triplicate for rpoB and OmAct2 quantification. Standard curves were plotted using dilutions of a pEX-A2 vector (Eurofins) containing one copy of each of the rpoB and OmAct2 gene fragments.
Histological procedures
The F-Om symbiont was visualized through fluorescence in situ hybridization (FISH) by targeting the rpoB gene with a specific oligonucleotide probe (5 0 -TTTGATGGTCGTACTGGTAAGGC-3 0 ) whose 5 end was labeled with a CY5 dye. The FISH protocol was adapted from Lalzar et al. [31] . Tick organs were first fixed with a 3.7% paraformaldehyde (PFA) solution for 5 days at 4 C. They were next preincubated with 500mL of hybridization buffer (HB)(SSC Buffer 20X/Denhardt's solution 50X) for 15min and then incubated in 200mL of HB containing the probe (12.5ng/mL) for 16 hr at 46 C. Samples were washed twice with a washing buffer (20mM TrisHCl pH 8.0, 80mM NaCl, 50mM EDTA, 0.01% SDS) at 48 C for 30min and then with 1mL of PBS for 15min. An additional incubation step with DAPI (0.1mg/mL in PBS) for 8min was performed to label the DNA. Organs were washed with PBS, then placed on a microscope slide (RS France) containing VectaShield antifade mounting medium (Vector Laboratories) and covered by a cover glass. The stained samples were stored at 4 C in the dark until observation under an epifluorescent microscope (Zeiss Axioimager Z1) and a laser confocal microscope (Leica SP5-SMD).
Francisella genome purification, sequencing and analysis Malpighian tubules were dissected from five adult O. moubata females. The tissues were further pooled and homogenized using a sterile pestle in 100mL sterile double distilled H 2 O following the protocols of Gottlieb et al. [25] . The homogenate was diluted in 10mL of sterile double distilled H 2 O and incubated at 20 C for 1 hr. To eliminate cell debris and tick DNA nuclei, the homogenate was filtrated through a sterile Minisart 5-mm filter (Sartorius AG, Gottingen, Germany). After centrifugation for 15min at 20,000 g at 4 C, the supernatant was discarded and the remaining pellet was used for subsequent genomic DNA (gDNA) extraction according to the manufacturer's instructions (Dneasy Blood and tissue Kit, QIAGEN). The amount of gDNA obtained after this procedure was estimated using the Qubit fluorometric quantitation kit (Invitrogen) and the quality of the enrichment procedure was determined by qPCR analysis as described above.
Extracted gDNA (200ng) was used to prepare DNA-seq libraries according to Illumina's protocols using the Illumina TruSeq Nano DNA LT Library Prep Kit. Briefly, gDNA was fragmented by sonication and adaptors were ligated. Eight cycles of PCR were applied to amplify libraries. Library quality was assessed using an Agilent Bioanalyzer and libraries were quantified by QPCR using the Kapa Library Quantification Kit. DNA-seq experiments have been performed on an Illumina HiSeq2000 (GeT-PlaGe core facility, INRA Toulouse) using a paired-end read length of 2x100 bp with the Illumina HiSeq SBS v3 Reagent Kit. A total of 30Gb data was obtained. The quality of Illumina reads was analyzed by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and reads were further cleaned and trimmed using UrQt [43].The Illumina reads were then assembled into contigs with multiple assemblers, including AbySS [44] and SPAdes [45] , and de novo assembly graphs were visualized using the Bandage software [46] . The annotation was performed by the BASys webserver [47] , and pseudogenes were verified as follows: the closest homolog of each coding DNA sequence (CDS) was searched for in the NCBI refseq database [48] using BLASTp [49] and the presence of a premature codon stop was considered when a length reduction of at least 90% was observed. Each gene was aligned to its closest F. tularensis homologs with the needle algorithm [50] and converted to a codon alignment with PAL2NAL [51] . Then, an increase in nucleotide divergence (model F80) and non-synonymous divergence (dN) was checked in presumed pseudogenes using the R packages seqinr [52] and ape [53] (https://cran.r-project.org/web/packages/seqinr/citation.html). Protein-coding genes were binned into categories based on their role in primary metabolism, amino acid and nucleic acid synthesis, or vitamin and cofactor metabolism to identify metabolic capabilities. Whole-genome alignments were done using Mauve [54] .
Tick feeding experiment
For the antibiotic treatment, a rifampicin solution in methanol was added to each blood meal at a final concentration of 10mg/mL. To insure homogeneity among treatment groups, methanol alone was also added to blood meals of ticks that did not received antibiotics. For B vitamin supplements, an aqueous solution of ten B vitamin components was supplied to the blood meal alone or in addition to the antibiotic treatment at final concentrations of 100mg/mL for thiamine, 20mg/mL for riboflavin, 100mg/mL for nicotinic acid, 100mg/mL for pantothenic acid, 100mg/mL for pyridoxine, 1mg/mL for biotin, 30mg/mL for folic acid, 1mg/mL for cobalamin, 185mg/mL for chlorine chloride, and 118mg/mL for meso-inositol (adapted following existing protocols [11, 12] ). First-stage nymphal instars were randomly allocated to one of the four treatment categories in a two-way factorial design combining antibiotics (yes or no) and B vitamins (yes or no) administered with the blood meal.
Fitness effects of the treatments were evaluated using 480 first-stage nymphal instars from the same cohort that were divided into 16 replicate batches of 30 individuals. Each batch was randomly allocated to one of the four treatment categories. Following this design, each treatment had four independent replicates. Before a new blood meal, life history traits were systematically recorded for each batch: moulting by counting tick ecdyses, death by visual observation of dead ticks, emergence of adult stages (female and male) through observations of the genital aperture, and adult body mass weighted on a precision balance. Adults were removed from their batch as soon as they emerged. The experiment was stopped after 47 weeks. The experiment was stopped after 47 weeks. Life history traits were recorded 6 times over this period.
QUANTIFICATION AND STATISTICAL ANALYSIS Molecular phylogenetic analyses
The GBLOCKS program [55] with default parameters was used to remove poorly aligned positions and to obtain nonambiguous sequence alignments. Phylogenetic analyses were based on sequence alignments performed with single or concatenated bacterial sequences. Closely related organisms obtained from GenBank were also included in the analyses. The evolutionary models that best fit the sequence data were determined using the Akaike information criterion with the program MEGA [42] . Tree-based phylogenetic analyses were performed using maximum-likelihood (ML) analyses. ML heuristic searches using a starting tree obtained by neighbor joining was conducted in MEGA [42] . Clade robustness was assessed by bootstrap analysis using 2,000 replicates. A phylogenomic approach has been conducted using ITEP [56] . All complete Francisella genomes, other than F-Om, were obtained from GenBank. All coding sequences were compared to each other using BLASTp and BLASTn [49] and orthologs were clustered using MCL [57] . Multiple orthologs were aligned with MAFFT [58] . The concatenated multiple alignment was cleaned with GBLOCKS [55] . The phylogenetic tree was computed by RaxML [59] using the GAMMA-LG model and 1,000 bootstrap replicates to assess the robustness of the topology.
Statistical analyses Computational Statistics
For each dataset, we built statistical models to compare the estimated means across treatment categories. For this purpose, we adapted the procedure proposed by Goldstein and Healy [64] which uses a graphical approach to assess the statistical significance of differences between groups, represented by non-overlapping confidence intervals (CI's): the width of confidence intervals (CI) was set so that non-overlapping CI's would mean significant differences with an average type I error rate (a = 0.05). This method limits issues related to multiple comparisons. Data analysis was carried out with the R statistical software [60] and two add-on packages: nlme for GLS and LME models [61] , and aods3 for the beta-binomial model [62] . Statistics on F-Om relative density To assess F-Om tissue tropism, we used a linear mixed-effect (LME) model with the decimal logarithm of F-Om relative density as the response, and the tick identifier as the grouping factor to define at random effect. The fixed effects were the sex (male or female, with female as the reference category), the organ (five categories, with Malpighian tubules as the reference category), and their interaction. To assess the effect of antibiotic treatment and B vitamin supplementation on F-Om density, we used a generalized least-squares model (GLS) [61] accounting for heteroscedasticity in residuals with a power function of the fitted values. Statistics on tick fitness Though the exact date of death or emergence was unknown, it was bounded by the successive observation dates. Therefore, we adopted a discrete time approach for the analysis [65] . Also, death and emergence were competing events, i.e., they were mutually exclusive. Because their incidence rate may be high over a short time period (e.g., emergence of adult ticks), interference may occur for their estimation [66] . To avoid this, for each batch i and event category j, we computed the probability p i,j = m i,j /n i,j , with m i,j the number of events of interest, and n i,j the initial batch size n ini corrected for lost-to-follow-up and thus for competing risks [65] .
For the death probability, n i,d = n ini -(m i,em +m i,ef )/2, where m i,em and m i,ef are the number of male and female adult tick emergences over the study period. We separately considered males and females because sex cannot be morphologically determined for immature stages (for which we assumed a 1:1 sex ratio). For the emergence probability of adult male ticks, n i,em = n ini -(m i,d +m i,ef )/2, where m i,d is the number of deaths over the study period. For the emergence probability of adult female ticks, n i,ef = n ini -(m i,d +m i,em )/2.
Assuming m i,j follows a binomial distribution B(n i,j , p i,j ), we used a beta-binomial logistic regression model and maximum-likelihood estimates to assess the effects of antibiotics and B vitamins on the probability of these events [67] . This model is well adapted to account for overdispersion (with respect to the binomial distribution) which can be associated with the experimental design [68] . We assessed model goodness of fit with Pearson's c 2 test using standardized residuals [69] . We assessed the effects with likelihood ratio tests (LRT) or simulation (Monte Carlo) tests based on linear combinations of model coefficients. Because many tests were done on the same dataset, we adjusted the p values for multiple comparisons using the procedure described by Benjamini and Yekutieli [70] . Adult body mass was log-transformed to stabilize variance and analyzed using a GLS model accounting for residual heteroscedasticity.
DATA AND SOFTWARE AVAILABILITY
The accession number for the Whole Genome Shotgun project reported in this paper is DDBJ/ENA/GenBank: QAPC00000000. The version described in this paper is version QAPC01000000. Scripts used for the genome analysis are available on GitHub (https:// github.com/loire/Moubata_paper). The full life-history trait dataset and source code for statistical analyses are available in Data S1 and Data S2, respectively.
